Hepatitis B virus (HBV) carrying the A1762T/G1764A double mutation in the basal core promoter (BCP) region is associated with HBe antigen seroconversion and increased risk of liver cirrhosis and hepatocellular carcinoma (HCC). Quantification of the mutant viruses may help in predicting the risk of HCC. However, the viral genome tends to have nucleotide polymorphism, which makes it difficult to design hybridization-based assays including real-time PCR. Ultrasensitive quantification of the mutant viruses at the early developmental stage is even more challenging, as the mutant is masked by excessive amounts of the wild-type (WT) viruses. In this study, we developed a selective inhibitory PCR (siPCR) using a locked nucleic acid-based PCR blocker to selectively inhibit the amplification of the WT viral DNA but not the mutant DNA. At the end of siPCR, the proportion of the mutant could be increased by about 10,000-fold, making the mutant more readily detectable by downstream applications such as real-time PCR and DNA sequencing. We also describe a primer-probe partial overlap approach which significantly simplified the melting curve patterns and minimized the influence of viral genome polymorphism on assay accuracy. Analysis of 62 patient samples showed a complete match of the melting curve patterns with the sequencing results. More than 97% of HBV BCP sequences in the GenBank database can be correctly identified by the melting curve analysis. The combination of siPCR and the SimpleProbe real-time PCR enabled mutant quantification in the presence of a 100,000-fold excess of the WT DNA.
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Chronic infection by hepatitis B virus (HBV) is one of the major risk factors for liver cirrhosis and hepatocellular carcinoma (HCC) (13, 15, 16) . While immune-mediated chronic liver injury appears to be one of the major mechanisms of disease progression, the viruses, including certain mutant viruses, may contribute to the pathogenesis and carcinogenesis at multiple levels (1, 10, 20, 25) . In particular, the A1762T/ G1764A double mutation in the basal core promoter (BCP) region of the viral genome has been linked to increased virulence and disease progression to cirrhosis and HCC (3, 7, 11, 12, 26) . This mutation can be found in the common HBV genotypes (A to D), although the prevalence may vary (2, 9) . A recent study indicated that quantification of the BCP A1762T/ G1764A mutant titers helps to predict the risk of HCC (27) . However, the assay requires improvement to cope with viral genome polymorphisms, which may significantly affect any hybridization-based assays including real-time PCR.
The A1762T/G1764A mutation is also associated with the loss of hepatitis B e antigen (HBeAg) in the serum and the concomitant appearance of anti-HBeAg antibody, a process known as HBeAg seroconversion (4, 17) . However, previous investigations of the A1762T/G1764A double mutation relied on DNA sequencing, which is qualitative in nature. Thus, many questions regarding the quantitative dynamics or the evolutionary patterns of the mutant virus during the natural disease course remain unanswered. For example, it is not clear when the mutant virus begins to appear during the long course of chronic infection, how quickly it becomes dominant, and what factors contribute to its dominance. Clarification of these questions requires a highly sensitive mutation quantification assay.
In this study, we report the development of a locked nucleic acid (LNA)-containing selective PCR blocker with a much improved inhibitory effect on the amplification of the wild-type (WT) viral DNA but minimal effect on the mutant DNA. We also describe the primer-blocker-probe partial-overlap (PBPPO) design to minimize the influence of viral genome polymorphism on assay performance. A two-step quantitative PCR was developed, taking advantage of the selective PCR blocker and the rationally designed SimpleProbe, for ultrasensitive quantification of the HBV A1762T/G1764A mutants.
MATERIALS AND METHODS
Plasmid standards and other reagents. A DNA fragment comprised of HBV nucleotides (nt) 1399 to 1977 (inclusive of the target BCP region) was amplified by PCR from a patient serum sample. The PCR primers were 5Ј-ATGGATCC TGCGCGGGACGTCCTTTGT-3Ј (nt 1399 to 1424) and 5Ј-GAAGGAAAGA AGTCAGAAGGC-3Ј (nt 1977 to 1957). PFU enzyme (Agilent Technologies) was used for amplification, and the blunt-end PCR product was cloned directly into the pPCR-Script Amp SK(ϩ) vector using the PCR-Script Amp cloning kit (Agilent Technologies). The plasmid was further modified, using a combina-tional PCR approach (8) , to remove the mutations that are not represented in the consensus sequence obtained from the BLAST analysis (Fig. 1A) and to generate various desired mutations. All the clones were confirmed by DNA sequencing (GeneWiz). These plasmids were quantified using NanoDrop 2000 (Thermal Fisher Scientific). They were used in assay development and as assay standards for quantification and melting curve analysis. Oligonucleotides were synthesized by Integrated DNA technologies, and the SimpleProbes were made by Tib Molbiol.
Patient samples and DNA purification. A total of 62 patient serum samples were randomly retrieved from W. Thomas London's collection at the Fox Chase Cancer Center (5, 6, 14) . HBV viral DNA was isolated from 200-l patient serum samples using the QIAamp DNA blood minikit (Qiagen) and eluted into 50 l buffer EB according to manufacturer's instructions.
Direct PCR sequencing. The HBV BCP region was amplified from the patient samples and sequenced. As direct sequencing has limited reading length, new primers were designed. The forward and reverse primers used for amplification were 5Ј-GCCACTTACATAAGAGGACTCTTGGACT-3Ј (nt 1649 to 1672) and 5Ј-GAGAGTAACTCCACAGWAGCTCCAAATTCTTT-3Ј (nt 1950 to 1919), respectively. The AmpliTaq Gold Fast PCR master mix (Applied Biosystems) was used for amplification. The thermal program was 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s, for a total of 40 cycles. The PCR products were separated by electrophoresis, purified using a Qiagen gel extraction kit, and sequenced (GeneWiz).
General quantitative PCRs. All real-time PCRs were carried out in a LightCycler 480 (Roche Applied Sciences) using the SYBR green master mix (Roche Applied Sciences) or the genotyping master mix (Roche Applied Sciences); the latter was for the SimpleProbe PCRs. Serially diluted plasmids of known concentrations were used to generate a standard concentration curve for quantification. Quantification calculations were performed using the LightCycler480 SW1.5 software.
BCP A1762T/G1764A double mutation quantification assay. A two-step assay was developed for the quantification of the BCP A1762T/G1764A double mutation. The first-step PCR was performed in a 15-l reaction mixture containing 0.5 M (each) F1 (5Ј-AGGAGTTGGGGGAGGAGATTAGGTTAA-3Ј) and R1 (5Ј-CCAATTTATGCCTACAGCCT-3Ј) primers, 5 l of the purified patient sample DNA as the template, and 2 M selective PCR blocker (5Ј-aggagattaG gttAaAGGtctttGt-PH) (Fig. 1B) . PCR was carried out at 95°C for 10 s, 57°C for 10 s, and 65°C for 5 s, for a total of 20 cycles. The first-step PCR products were diluted 1:32 and used as templates in the second step real-time PCR which was composed of LightCycler480 genotyping master mix, 0.1 M primer F2 (5Ј-GA TAAGTTGAGGAGTTGGGGG-3Ј), 0.5 M primer R1, and 0.1 M SimpleProbe (5Ј-ggagattaGgttAaTGAtct-PH). Capital letters in the selective PCR blocker and SimpleProbe sequences indicate LNAs, and the 3Ј-end "-PH" stands for phosphorylation. The fluorescence label is indicated by an underline (also see Fig. 1C ). As a standard format, SimpleProbe PCR uses primers in asymmetric concentrations to generate more of the probe-binding DNA strand. The real-time PCR was performed in a LightCycler480 instrument at 95°C for 10 min to activate the polymerase, followed by 40 cycles of 95°C for 10 s, 55°C for 10 s (with fluorescence acquisition), and 72°C for 5 s. Amplification was followed by a melting curve analysis over a linear temperature increase (0.06°C per second) from 30°C to 80°C. Plasmids carrying A1762T, G1764A, and A1762T/ G1764A mutations or the wild-type BCP sequence were included as melting peak standards. Serially diluted plasmids carrying the A1762T/G1764A mutation were included in the first-step PCR so that a standard concentration curve can be generated in the second step PCR. Quantification calculations were performed using the LightCycler480 SW1.5 software.
The amplicon using primers F1 and R1 was too small for direct sequencing. When verification of the melting analysis by DNA sequencing was required, primer R2 (5Ј-CCAAATTCTTTATAAGGGTCAATGTCCATG-3Ј; HBV nucleotides 1929 to 1900) was used in place of R1 to increase the amplicon size so that direct sequencing could be performed.
Nucleotide sequence accession numbers. The GenBank accession numbers for the viral DNAs sequenced in this study are HQ907993 to HQ908054. 
RESULTS
Design and evaluation of a selective PCR blocker for HBV A1762/G1764 WT DNA. A BLAST sequence search/alignment was performed to obtain a consensus wild-type (WT) sequence in the target area as well as the most common nucleotide polymorphism patterns (Fig. 1A) . The percentage of each sequence pattern gave a rough estimate of its relative prevalence. It is apparent that nucleotide polymorphism is common around the BCP double-mutation site. Taking this into consideration, the assay was designed in such a way that the forward primer is partially overlapped with both the selective PCR blocker and the SimpleProbe (Fig. 1B and C) . We named this the primer-blocker-probe partial-overlap (PBPPO) design.
A WT-selective PCR blocker was designed to match the WT sequence and had LNAs incorporated at certain sites to increase the affinity of binding (24) to the WT DNA. Evaluation of this selective PCR blocker was performed with a SYBR green PCR. As shown in Fig. 2A , addition of the PCR blocker caused significant inhibition of amplification of the WT viral DNA, indicated by the delay of the crossing point (the cycle number at which the amplification curve crosses with the threshold; also named threshold cycle C T ), by an average of 13.5 cycles. Assuming that each cycle represents a 2-fold amplification, a 13.5-cycle delay indicates more than a 10,000-fold inhibition. In contrast, the blocker had minimal effect on the amplification of the A1762T/G1764A double mutation. The inhibitory effect was consistent over the tested range of WT DNA concentrations of up to 3 ϫ10 8 copies (Fig. 2B) . The effect of the PCR blocker was further tested using mixtures of WT and mutant plasmid DNAs at different ratios. Addition of the WT PCR blocker successfully suppressed the amplification of the WT DNA at mutant/WT ratios of up to 1:10,000, as the amplification signals were similar in the presence or absence of the WT DNA (Fig. 3A, lines 1, 2 , and 3). At 1:100,000, however, the WT amplification escaped the blocker, causing the amplification signal to increase (Fig. 3A, line 4) . This was confirmed by direct sequencing of the PCR products (Fig. 3B) . In the presence of the WT blocker, the mutant DNA could be clearly identified by DNA sequencing at a mutant/WT ratio of 1:10,000. Even at a ratio of 1:100,000, the mutant signals could still be detected, though as a minor fraction of the total DNA.
In contrast, the mutant was barely detectable at a mutant/WT ratio of 1:10 in the absence of the WT PCR blocker (Fig. 3B) .
Ultrasensitive quantification of the BCP A1762T/G1764A mutant. A two-step real-time PCR was developed to quantify the BCP A1762T/G1764A mutant with high sensitivity. The first-step amplification was carried out in the presence of the PCR blocker to selectively suppress the amplification of the WT viral DNA while allowing the mutant, if present, to be amplified. The second-step PCR employed a SimpleProbe to quantify the mutant, via the amplification signals, as well as to distinguish which mutant or mutants have been amplified via the melting curve analysis. To avoid interference of the PCR blocker with the PCR probe, the PCR product from the firstround amplification was diluted before further amplification in the second-round PCR. The detailed method is described in Materials and Methods.
For quantification purpose, serially diluted A1762T/G1764A plasmids in known concentrations were amplified side by side with the samples in the first round of amplification. They were further amplified in the second-round PCR, in the presence of a SimpleProbe, to generate a quantification standard curve (Fig. 4E) . Quantification of the mutants was achieved by comparing the sample signals with those of the standards.
The mutant detection sensitivity of the real-time PCR was verified using mixed plasmids carrying WT and mutant HBV sequences. As shown in Fig. 4A and C, the mutant was detectable in the presence of a 100,000-fold excess of the WT DNA.
The presence of the WT DNA depressed the signals generated by the mutant but did not significantly alter the crossing point ( Fig. 4A and B) ; thus, quantification of the mutant was still achievable. In the absence of the PCR blocker, however, the mutant was not detectable at a mutant/WT ratio of 1:100 ( Fig.  4B and D) .
To test the reproducibility of the two-step amplification, septuplicate siPCRs were further amplified in SimpleProbe PCRs (Fig. 4F) . The C T values were 16.85 Ϯ 0.099 (mean Ϯ standard deviation) for 100% mutant (Fig. 4F, line group 1) and 17.54 Ϯ 0.298 for 0.001% mutant (line group 2). These results indicate that the two-step amplification is highly reproducible.
We tested 20 patient samples which had "100% WT" (A1762/G1764) in the sequencing reactions (by manual reading). Our assay revealed the presence of A1762T/G1764A mutants in 10 samples (Table 1 ). The percentage of mutants was (Table 1) . In all cases, the presence of mutants was verified by direct sequencing of the amplicon (data not shown) as described in Fig. 3 . PBPPO design. The nucleotide polymorphisms around the target mutation site (Fig. 1A) could negatively affect any probe-based assay, causing false positives or false negatives. Nucleotide polymorphism could also diminish the inhibitory effect of the PCR blocker on the amplification of the WT DNA (A1762/G1764 is designated WT in this study regardless of potential mutations nearby), causing blocker "leakage" which could in turn reduce the mutation detection sensitivity. To minimize the impact of nucleotide polymorphism, the forward primer (F1) was designed to partially overlap with both the PCR blocker and the probe (Fig. 1B and C) (primer-blockerprobe partial-overlap [PBPPO] design). Mutations 5Јto nucleotide 1762, such as T1753C, G1757A, and T1753C/G1757A (Fig. 1A) , would be converted to the primer sequence during amplification, thereby eliminating the mismatch(es) between the WT template and the PCR blocker. As shown in Fig. 5A , using the forward primer F1, which covers nucleotides 1753 and 1757, the PCR blocker had the same inhibitory effect on the T1753C/G1757A/WT template (lines 2 and 4) as the WT template without polymorphism (lines 1 and 3). The primerprobe overlap also effectively eliminated the mismatch between the template and the PCR probe and avoided a melting curve shift caused by mutations upstream of nucleotide 1762 (Fig. 5B ). As these upstream mutations create mismatches between the template and the forward primer F1, we were concerned about whether this would reduce the amplification a Total viral load was measured in a two-step PCR similar to the mutation quantification assay except that the WT-selective PCR blocker was omitted and the annealing/fluorescence acquisition temperature was at 48°C. Plasmids with one (T1753C or G1757A) or two (T1753C/ G1757A) mutations in the background of A1762T/G1764A were amplified using two different forward primers, F1 and F2. Primer F1 has 0 to 2 mismatches with these templates, while primer F2 does not have any mismatch with the templates. Amplification efficiencies were found to be similar whether or not the template had one (data not shown) or two (Fig. 5C ) mismatches with primer F1. Therefore, the majority of the A1762T/G1764A mutants could be quantified accurately using the PBPPO design strategy. Evaluation of probe performance. The PBPPO design reduced the effective probe length to only six nucleotides, corresponding to nucleotides 1762 to 1767 (Fig. 1B) . To evaluate the performance of the probe, we isolated viral DNAs from 62 chronic hepatitis B patients. DNA sequencing (Fig. 6) showed that 20 samples had the A1762T/G1764A double mutation by automated reading. Nucleotide positions 1762 and 1764 had four patterns: the WT, the A1762T/G1764A double mutation, and two different single mutations (A1762T or G1764A). Nucleotide polymorphism was apparent upstream of the mutation site but not immediately downstream of the mutation site (Fig.  6 ). Out of 20 samples positive for the A1762T/G1764A double mutation, 6 (30%) had a nucleotide polymorphism immediately upstream of the mutation site. However, owing to the PBPPO design, the melting curve analysis showed only three types of peaks in these samples: the WT, the A1762T/G1764A double mutation, and the two single mutations, which were indistinguishable (data not shown; patterns are shown in Fig.  7 ). Not surprisingly, these patterns matched completely with the DNA sequencing data. Four of the 42 "WT" samples had the A1762T/G1764A double mutation as a minor fraction by manual reading; these samples gave two peaks in the melting analysis, representing a mixture of WT and the mutant (data not shown; similar to Fig. 4E, lines 3 and 4) .
The complex polymorphisms downstream of nucleotide 1764, although not present in our patient samples, have been previously reported and can be retrieved by BLAST analysis (Fig. 7A) . To predict how the probe would respond to these known nucleotide variations, plasmids representing these mutation patterns were constructed and amplified in a SimpleProbe PCR. Postamplification melting analysis showed that A1762T/G1764A, even with extra mutations (Fig. 7A, patterns  2, 5, 8, 9 , and 12), could be identified because their melting temperatures were higher than that for the A1762T or G1764A single mutation (Fig. 7B) . Collectively, more than 97% of HBV BCP sequences in GenBank (Fig. 7A) can be correctly identified by melting curve analysis.
DISCUSSION
Detection and quantification of HBV mutations in general have been problematic, mainly because the viral genome has a high rate of nucleotide polymorphisms. HBV replication lacks proofreading (21, 23) , and thus mutant viruses are produced as a result of replication errors. Consequently, in any given individual the virus exists as a mixed population, though the mutant (often defective) viruses tend to be a minor fraction. However, some of the viable mutant viruses may become dominant over time, causing viral genome variations or polymorphisms among different individuals.
Detection of HBV mutations has been largely dependent on direct DNA sequencing, which has been considered to be the "gold standard." However, DNA sequencing is a qualitative assay which cannot measure mutant titers. Quantification of HBV BCP mutants by using a TaqMan real-time PCR was reported previously (19, 27) . However, the effect of viral genome polymorphism on the performance of the probe, and thus the quantification, was not taken into consideration. The probe was 19 nucleotides long (corresponding to viral nucleotide positions 1755 to 1773) and was likely affected by the fairly common polymorphism at position 1757 (Fig. 6) , not to mention other potential variations. With the recent finding that quantification of HBV BCP A1762T/G1764A mutant titer helps to predict the risk of HCC (27) , it is of importance to improve the accuracy of the BCP mutant detection/quantification assay.
The TaqMan PCR uses a probe which is hydrolyzed during amplification, and thus postamplification melting curve analysis is not possible. Consequently, any false-positive or falsenegative results caused by the nucleotide polymorphisms may be unnoticed if the results are not compared with a gold standard. In contrast, the SimpleProbe PCR includes a melting analysis after the amplification. Unexpected sequence variations will often create "atypical" melting curves. Thus, the SimpleProbe PCR has a built-in "self-check" function. Detection of HBV mutations by melting curve analysis using hybridization probes (also named Hyb probes or fluorescence resonance energy transfer [FRET] probes) was reported (22, 28) . However, the hybridization probes consist of an anchor probe and a sensor probe, and the total probe length is more than 50 nucleotides (the sensors were 27 to 29 nucleotides in length). Thus, the probe performance in both amplification and melting curve analysis is more likely to be affected by viral genome polymorphisms. In this study, we used a PBPPO approach to reduce the effective length of the probe to only six nucleotides. This significantly reduced melting curve variations in response to unexpected mutations. Consequently, no atypical melting curves were observed when 62 patient samples were tested, and the patterns were confirmed by the sequencing results. This was because the nucleotide polymorphisms upstream of position 1762 were eliminated during amplification. We did not encounter polymorphisms downstream of the mutation site in our limited number of patient samples. However, even if polymorphisms are present, our probe could distinguish the samples with A1762T/G1764A mutation from the ones without (Fig. 7B) . Thus, our PBPPO approach significantly improved assay accuracy, making the assay more suitable for clinical diagnostic purposes or for epidemiological studies.
We also improved the assay sensitivity significantly using a WT-selective PCR blocker. High sensitivity is necessary for investigating the evolution of mutant viruses, especially at the early developmental stages when the mutant is a very small fraction of the total viruses. Most studies on HBV BCP mutation employed DNA sequencing for qualitative (or at most semiquantitative) mutation detection, and highly sensitive quantification of the BCP mutant has not been reported. A positive mutation detection by DNA sequencing requires a mutant/WT ratio of Ͼ1:1 (i.e., the mutant is Ͼ50%) by auto- on October 25, 2017 by guest http://jcm.asm.org/ mated reading or of Ͼ1:10 (Ͼ10 to 20% mutant) if the result is read manually. With our WT-selective PCR blocker, the mutant can be identified by direct sequencing following the siPCR at a mutant/WT ratio of as high as 1:100,000 (0.001% mutant). This is a 10,000-fold increase in mutation detection sensitivity compared with regular sequencing. When the siPCR is combined with the SimpleProbe PCR, the mutant can be quantified with the same high level of sensitivity. To the best of our knowledge, this is the first study to achieve such a high mutation detection sensitivity using an LNA-based oligonucleotide as a WT-selective PCR blocker. The primer-blocker partial-overlap design is different from the PCR "clamp" first described in reference 18, and it has the advantage of reducing the chance of blocker "leakage." It should be pointed out that next-generation sequencing or deep sequencing is a powerful tool for determining relative quantities of mutants. It will eventually replace regular sequencing as the gold standard for mutation detection due to its higher sensitivity. Compared with our new assay, however, it cannot measure the mutant titers and its sensitivity is ϳ100-fold lower; thus, it cannot be used to validate our assay independently.
In summary, we have developed a highly sensitive SimpleProbe-based real-time PCR assay for the quantification of the HBV BCP A1762T/G1764A mutation. The unique assay design reduced the effective length of the probe, making the assay more resistant to false or uncertain results caused by viral genome polymorphism. This assay platform may be useful in mutation detection or nucleic acid quantification for other viruses, such as HCV and HIV, which also have high levels of nucleotide polymorphisms. The approach for highly sensitive mutation detection may also be applied to the detection of other clinically significant mutations. 
